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Abstract  
A modified inorganic bentonite (Na/Al) based on purified Ca-bentonite was prepared 
through exchanging Al and Na ions in the interlayer space of Ca-bentonite. The 
structural properties of purified and modified bentonites were characterized by XRD 
and SEM analysis. Batch experiments were performed for the adsorption of 
ammonium nitrogen and different experimental conditions were studied in order to 
investigate the optimum adsorption conditions. Comparative experiments were also 
carried out for natural Ca-bentonite (RB), unmodified purified bentonite (PB) and 
modified purified bentonite (MB). Through the thermodynamic analysis, the 
ammonium nitrogen adsorption process can be spontaneous, the standard heat was 
-41.46kJ.mol-1, and the adsorption process based on ion exchange adsorption. The 
ammonium nitrogen adsorption capacity of MB (46.904 mg/g) was improved 
compared to raw bentonite (RB) (26.631 mg/g), which was among the highest values 
of ammonium nitrogen adsorption compared with other adsorbents according to the 
literatures. The described process provides a potential pathway for the removal of 
ammonium nitrogen at low concentrations encountered in most natural waters.  
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1. Introduction 
Due to the fast development of modern industries, large amounts of ammonium 
nitrogen wastewater was discharged into natural waters such as lakes, reservoirs, 
rivers and enclosed coastal areas, which can cause their eutrophication, resulting in 
the depletion of dissolved oxygen and toxicity to fish (Huang et al., 2014; Huang et al., 
2010). As a result, there is global growing interest in developing low-cost and 
effective natural materials as specific ammonium nitrogen adsorbents for natural 
water bodies (Lin et al., 2013; Lin et al., 2014; Lind et al., 2000). Many previous 
literatures about ammonium nitrogen adsorption were focused on natural clay 
materials, due to their high safety, good adsorption capacity, abundance and 
cost-effectiveness. The advantageous properties of bentonite including high ion 
exchange capacity (CEC), selectivity and regenerability have generated interest for its 
use as adsorbent in many applications for water treatment (Zamparas et al., 2013). 
The naturally abundant Ca-bentonites in China are desirable for industrial applications. 
However, most of natural bentonite resources in China are low or middle grade with 
low ion exchange capacity, which should be purified beforehand or modified to other 
forms to improve the adsorption capacity (Haghseresht et al., 2009). The structure of 
bentonite can be intercalated by inorganic and/or organic cations, which can improve 
the specific surface area associated with smaller size (Zamparas et al., 2013). The 
highly efficient material should have both high maximum removal capacity and high 
removal efficiency at low concentrations. Although there have been many promising 
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materials for the removal of ammonium nitrogen from wastewater, the removal of 
ammonium nitrogen at low concentrations encountered in most natural waters remains 
challenging.  
In this study, the objective was to examine the feasibility of using a novel 
modified bentonite as adsorbent for ammonium nitrogen removal from aqueous 
solution. A low grade natural Ca-bentonite was physically purified first and then 
further modified through exchanging Al and Na ions in the interlayer space of 
purified Ca-bentonite. The structural properties of prepared samples were 
characterized by XRD and SEM analysis. The adsorption of ammonium nitrogen by 
different bentonites was evaluated by adsorption kinetics and adsorption isotherms.  
2. Materials and Experimental methods 
2.1. Materials and characterizations 
A raw Ca-bentonite (RB) was obtained from Ezhou city, Hubei province in China. 
All solutions were prepared with analytical grade chemicals and deionized water. 
Sodium hexametaphosphate and sodium hydroxide, sodium chloride, aluminium 
chloride and the other reagents used in the experiments were purchased from Beijing 
Reagent Co. (Beijing, China), which were all analytical reagent grade without any 
further purification. Based on the product specification, the cation exchange capacity 
(CEC) of RB is 83.04 meq/100g. The crystalline phase identification of samples was 
undertaken by a PANalytical X’Pert PRO X-ray diffractometer. Incident X-ray 
radiation was produced from a line focused PW3373/10 Cu X-ray tube, operating at 
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40 kV and 40 mA, with Cu K radiation of 1.541 Å. The incident beam passed through 
a 0.04 rad soller slit, a 1/2° divergence slit, a 15 mm fixed mask, and a 1° fixed 
antiscatter slit. An S-3500N scanning electron microscope was applied to investigate 
the microstructure of samples. 
2.2 . Purifying and modification methods 
The purification of bentonite was undertaken according to the following procedure: 
100g of RB samples was initially dispersed in 400 mL of water with a 
laboratory-scale model XFD12 agitator scrubbing instrument for 10 min with a 
stirring rate of 1500 rpm. In the following step, 0.3g of sodium hydroxide was 
pre-dissolved in 20 mL of deionised water and then it was slowly added to the 
scrubbing suspension at room temperature in order to adjust the pH value of the 
suspension. The suspension was stirred for another 10 min, and then 0.6g of sodium 
hexametaphosphate was added to the suspension. After stirring for a further 5 min, the 
suspension was collected and sieved using a 200 mesh standard screen (74 μm). The 
oversized products were collected and dried in an oven at 105 °C for 12h. The 
obtained sample was labelled as oversized product. The undersized suspension was 
then transferred to a 100 mL centrifuged tube. After shaking, the mixture was 
centrifuged at 200 rpm (RCF (relative centrifugal force) = 4.9) for 3 min. After the 
centrifugation, the centrifugal sediment and overflow was obtained and then dried at 
105 °C for 12 h. The centrifugal overflow was denoted as the purified bentonite (PB).  
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The modified purified bentonite (MB) was prepared by adding 4.28×10-2 M NaCl 
and 3.75×10-3 M AlCl3 into 100 mL of PB 50 g/L solution at pH 3.9. The obtained 
material was washed repetitively with distilled water until Cl- free titrated with 
AgNO3, and then dried at 105 °C for 12 h. 
2.3.Batch adsorption of ammonium nitrogen  
A 100 mg/L stock standard solution of ammonium nitrogen was prepared by 
dissolving an appropriate amount of ammonium chloride in 500mL of water. A series 
of working standard solutions were prepared by appropriate dilution of the stock 
solution. Adsorption measurements were determined by batch experiments of 0.5g of 
the adsorbent with 100mL of ammonium nitrogen solutions. The mixtures were 
shaken in a thermostatic shaker (THR-2) at 150rpm for a given time, and then the 
suspensions were centrifuged at 2500rpm for 15min. Adsorption kinetic data of 
ammonium nitrogen on modified bentonite in contact times ranging between 1 min 
and 90 min were studied under the optimized conditions: pH 7, ammonium nitrogen 
concentration 5 mg/L, adsorbent dose 0.5 g, and 30 °C temperature. In order to assess 
the effect of different temperatures, batch experiments were conducted at 10, 20, 30 
and 40 °C. The concentrations of ammonium nitrogen in the solution were measured 
according to Nessler’s reagent colorimetric method. The adsorption capacity for 
ammonium nitrogen was calculated from the following equation:  
1000
)(


M
CCVq eie                                                      (1)                
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where, qe is the amount of adsorbate adsorbed (mg/g), Ci is the initial concentration of 
the adsorbate solution (mg/L), Ce is the equilibrium concentration of the adsorbate 
solution (mg/L), V is the volume of aqueous solution containing adsorbate (mL), and 
M is the mass of the adsorbent (g).  
3. Results and Discussion 
3.1  Characterizations 
The XRD patterns of the as supplied Ca-bentonite, purified bentonite, tailings and 
the prepared modified purified bentonite are displayed in Fig. 1. A typical 
Ca-montmorillonite phase with a d-spacing of 1.56 nm was observed in raw bentonite 
(Sun et al., 2013a). The main impurities in raw bentonite are crystalline siliceous 
sands, such as quartz and feldspar. After purification, the typical XRD pattern of 
Na-montmorillonite with a d-spacing of 1.15 nm appeared in the purified bentonite. 
Compared with raw bentonite, the content of impurities, especially quartz, was 
decreased significantly. On the other hand, the main mineral compositions of the 
oversized product and centrifugal sediment are coarse feldspar and quartz, which are 
in line with our expectations. In modified purified bentonite, the d-spacing was 
increased and new Na/Al-montmorillonite phase with a d-spacing of 1.23 nm formed. 
It is indicated that the Al ions were partly exchanged into the interlayer structure. Fig. 
2 presents the microstructures of raw bentonite, centrifugal sediment, modified and 
unmodified purified bentonite. The mircrostructures of raw bentonite were layer slices, 
a typical characteristic of bentonite. The centrifugal sediment displayed the 
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morphology of relatively larger particles without obvious layer structure, which was 
in line with the XRD analysis results. Compared with the raw bentonite, the surface of 
the PB and MB sample exhibit more slit pores and pleats after purification and 
modification. Because the ammonium nitrogen adsorption should occur on the surface 
or in the pores of the particles, the more fragmentary and porous structure of PB and 
MB samples would be in favour of higher removal effect for ammonium nitrogen (Li 
et al., 2011; Liang and Ni, 2009). 
 
Fig.1 XRD patterns of different products obtained after purification and the 
modified purified bentonite (MB) 
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Fig.2 SEM images of different products obtained after purification and the 
modified purified bentonite. (a):RB; (b): centrifugal sediment; (c):PB;(d)MB 
 
3.2 Adsorption kinetics 
The variation of the amount of ammonium nitrogen adsorbed onto the raw bentonite, 
purified bentonite and modified bentonite as a function of the reaction time was 
studied and the experimental results are presented in Fig. 3. It is indicated that the 
adsorption of ammonium nitrogen on raw bentonite was the lowest, which should be 
due to higher content of impurities and lower content of exchangeable ions (Lin et al., 
2013; Zamparas et al., 2012). The removal of ammonium nitrogen by the bentonite 
increased very fast initially with the agitation time and reached the equilibrium within 
1 min. The fast removal rate implies the strong adsorption interaction between the 
clay surface and ammonium nitrogen ions. 
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Fig. 3. Effect of agitation time on the ammonium nitrogen adsorption by RB, PB 
and MB 
The pseudo-second model is a kind of common kinetic model developed by Ho 
and Mckay. The reaction rate equation can be expressed as: 
et qq
1
q 2e
t
k
t                                                        (2) 
where k is the rate constant of pseudo-second order reaction (min-1). Hence, the 
constants can be determined from the linear plot t/qt against t as described in Fig. 4.  
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Fig. 4. Pseudo-second order model for the ammonium nitrogen adsorption by RB, 
PB and MB 
The parameters of the pseudo-second model are calculated and summarized in 
Table 1. According to Fig. 4 and Table 1, the pseudo-second order kinetic model 
fitted with our experimental results with high correlation coefficient, which is similar 
to previously published results (Park et al., 2013b; Tsai et al., 2009; Xu et al., 2012). 
The adsorption process should be dominated by a chemical process, primarily ion 
exchange, which was in line with the previous literature reports (Jellali et al., 2011; 
Lei et al., 2008). The purified bentonite has better adsorption capacity for ammonium 
nitrogen than the raw bentonite, which indicates that the decrease of purities may 
increase the adsorption active sites (Sun et al., 2013b). In addition, the modified 
bentonite exhibited the highest adsorption capacity among the three samples. The 
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results indicate that the intercalation of Al with more porous structure in MB can 
enhance the adsorption of ammonium nitrogen.  
Table 1. Kinetic parameters for the ammonium nitrogen adsorption by RB, PB 
and MB 
Sample pseudo-second order 
k (g/mg·min) qe (mg/g) R2 
RB 37.835  0.503  1.000  
PB 35.724  0.609  1.000  
MB 29.139  0.761  0.999  
 
3.3 Adsorption isotherms  
The surface property of the absorbent and maximum adsorption capacity can be 
obtained from the parameters derived from the equilibrium equation (Huang et al., 
2010; Zamparas et al., 2012). In this study, three classic physical isotherm models, 
namely: Henry, Langmuir and Freundlich isotherm models were used in order to 
determine the mechanism of adsorption system under low initial ammonium nitrogen 
concentrations. The Henry equation can be expressed as: 
eHe cKq                                                            (3) 
where qe is the adsorbed ammonium nitrogen amount per gram of absorbent (mg/g), 
ce represents the equilibrium concentration of ammonium nitrogen in solution (mg/L), 
KH is the Henry constant. The Langmuir isotherm model is applied to analysis the 
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interaction between the ammonium nitrogen and absorbent when the adsorption 
process reaches the equilibrium (Xu et al., 2012). It is assumed that the adsorption 
process is monolayer, which means no further adsorption occurs once adsorption 
takes place at specific sites in the adsorbent (Park et al., 2014a). Hence, the adsorption 
is strongly related to the surface area of the absorbent and driving force such as 
London-van der Waals force. The relationship is expressed as follows: 
L
e
e
K
cc
mme q
1
q
1
q
                                                  (4) 
where KL is the Langmuir constant (L/mg) and qm represents the maximum adsorption 
capacity of the adsorbent (mg/g). Experimental values of qm and KL are calculated 
from the slope and intercept of the linear plot of ce/qe against ce. The Freundlich 
model is an empirical expression, which assumed that a multilayer adsorption occurs 
on the heterogeneous surface or surface supporting sites of various affinities (Park et 
al., 2013a). The equation is described as follows: 
Fe Kc lnlnn
1qln e                                                  (5) 
where KF and n are the Freundlich constants which represent the adsorption capacity 
and adsorption strength, respectively. KF and n can be obtained from the intercept and 
slope of the linear plot of ln qe versus ln ce. The relative parameters based on Henry, 
Langmuir and Freundlich at 20 °C were calculated and listed in Table 2. Based on the 
correlation coefficient (R2) values, it is indicated that the removal of ammonium 
nitrogen onto the bentonite is better modelled by the Henry and Langmuir isotherm 
and the Freundlich isotherm gives the poorest fit of the experimental data. From Table 
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2, the adsorption capacity for ammonium nitrogen decreases in the following order: 
MB > PB > RB. The maximum adsorption amount of MB calculated from Langmuir 
model for ammonium nitrogen can be up to around 46.90 mg/g.  
Table 2. Isotherm parameters for the adsorption of ammonium nitrogen by RB, 
PB and MB 
Models 
Sample 
Henry Langmuir Freundlich 
KH R2 KL (L/mg) qm (mg/g) R2 KF (L/g) n R2 
RB 1.955 0.973 0.111 26.631 0.936 2.838 1.319 0.897 
PB 2.632 0.986 0.081 43.215 0.993 3.369 1.220 0.979 
MB 5.532 0.960 0.111 46.904 0.996 6.856 1.297 0.973 
The adsorption capacities for ammonium nitrogen based on other materials previously 
reported in literatures are summarised in Table 3. The adsorption capacity by MB in 
present study is among the highest compared with the other adsorbents. However, the 
naturally abundant Ca-bentonites are more desirable for industrial applications due to 
their low cost (Zheng et al., 2013). 
Table 3. Adsorption capacity for ammonium nitrogen by MB in comparison to 
other materials. 
Adsorbents MAC (mg/g) a Reference 
Mesolite 49.00 (Thornton et al., 2007) 
NaA zeolite 44.30 (Zhao et al., 2010) 
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Natural calcium-rich zeolite 4.04 (Liang and Ni, 2009) 
Zeolite synthesized from fly ash 24.30 (Zhang et al., 2011) 
Natural zeolite 1.0 (Sarioglu, 2005) 
Zeolite 13X 8.61 (Zheng et al., 2008) 
P.oceanica fibres 1.73 (Jellali et al., 2011) 
Silicate-carbon modified zeolite   0.115 (Li et al., 2011) 
Activated sludge 0.4-0.5 (Nielsen, 1996) 
CTS-g-PAA/APT(20wt/%) 21.0  (Zheng et al., 2009) 
Natural zeolite   43.47 (Khosravi et al., 2014) 
Modified purified bentonite   46.90 Present study 
 
3.4 Adsorption thermodynamics  
The adsorption thermodynamic study can show the internal energy changes during the 
process of adsorption (Park et al., 2014a). The adsorbed amounts of ammonium 
nitrogen by MB were determined under different temperatures from 283-313K. The 
standard free-energy change (ΔG°) can be calculated as follows: 
ΔG°= −RT ln K                                                     (5) 
where R is the universal gas constant (8.314 J/mol·K) and T is the absolute 
temperature (K). The distribution adsorption coefficient (Kd) is calculated as follows: 
m
V
C
CCK ed
e
0                                                       (6) 
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where C0 is the initial concentration (mmol/L), Ce is the equilibration concentration 
(mmol/L), V is the volume of the solution (L), and m is the mass of MB (g). The 
adsorption equilibrium constant (K) can be calculated by plotting ln Kd versus Ce and 
extrapolating Ce to 0. The value of the intercept is that of ln K.  
The standard enthalpy change (ΔH) and the standard entropy change (ΔS) are 
calculated from Van't Hoff’s equation: 
RT
H
R
SK ln                                                    (7) 
Based on the equations 5-7, the thermodynamic parameters including the standard 
free energy (ΔG), the standard enthalpy change (ΔH), and the standard entropy 
change (ΔS) are summarized in Table 4. According to Table 4, the negative ΔG 
values implied that the adsorption reaction was a spontaneous process (Park et al., 
2014b; Zheng et al., 2013). Furthermore, the higher temperatures have more negative 
ΔG values, which indicates that higher temperatures are more favourable for the ion 
exchange during the adsorption process (Zamparas et al., 2013). The negative ΔH 
(-41.46 kJ/mol) indicated the adsorption is an endothermic process, which is in line 
with the previous reports (Alshameri et al., 2014; Moussavi et al., 2011). The entropy 
change (ΔS) is positive, indicating increasing randomness at the solid–solution 
interface during the adsorption process (Khosravi et al., 2014). 
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Table 4. Thermodynamic parameters for the adsorption of ammonium nitrogen 
by MB 
Sample 
Thermodynamic constant 
T(K) lnKº ΔG(kJ/mol) ΔH (kJ/mol) ΔS (J/mol·K) 
MB 
283 1.81 -104.81 
-41.46 0.5165 
293 1.77 -109.98 
303 1.71 -115.14 
313 1.64 -120.31 
4. Conclusions  
In this paper, a typical kind of low grade Chinese natural Ca-bentonite was physically 
purified first and then further modified through exchanging Al and Na ions in the 
interlayer space of purified Ca-bentonite. The purification and modification of 
Ca-bentonite with Al/Na cations are found to be potentially important techniques for 
the removal of ammonium nitrogen from contaminated water. The pseudo-second 
order kinetic model can well describe the adsorption kinetics, indicating the 
adsorption process should be dominated by ion exchange reaction. Henry and 
Langmuir isotherms are better to fit the experimental data compared with the 
Freundlich isotherm. The maximum ammonium nitrogen adsorption capacity of MB 
was up to 46.904 mg/g, which was among the highest values of ammonium nitrogen 
adsorption compared with other adsorbents according to the literatures. The more 
fragmentary and porous structure as well as higher ion exchange capacity should be 
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the key points for the high adsorption capacity of MB. The obtained adsorbent can be 
considered as an ideal tool for the removal of ammonium nitrogen at low 
concentrations encountered in most natural waters owing to its low cost and good 
removal efficiency. 
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